A relatively simple but stringent technique was developed to detect the integration of virusspecific DNA into the genomes of higher organisms. In both permissive (duck) The integration test is based upon the observation by Britten and coworkers that the vast majority of high-molecular-weight DNA extracted from higher organisms contains reiterated sequences (6, 7). They showed that when unsheared cell DNA is incubated to Cot values at which repeated, but not unique, sequences reassociate, "networks" of DNA are formed (Fig. 1) . These networks can be separated from the remainder of the DNA by sedimentation. We now report that testing the DNA in networks for virus-specific nucleotide sequences by molecular hybridization constitutes a relatively simple assay for integration of viral DNA. The finding of virus-specific DNA in networks demonstrates covalent linkage of viral DNA to strands of cell DNA containing repeated sequences, and thus its integration into the host genome.
fibroblasts, which contain no detectable endogenous RSVspecific nucleotide sequences, are readily transformed by RSV, and support its replication; and (ii) mammalian cells, particularly BALB/c 3T3 cells, which also possess no endogenous RSV-like genes, but are inefficiently transformed, and do not support replication of RSV. In both cases we show that under suitable circumstances unintegrated oncornavirus DNA can be demonstrated early after infection and that fully transformed cells have one or more copies of integrated virusspecific DNA. Replication of and transformation by RNA tumor viruses probably proceed by way of a DNA intermediate (1) . Although the site of synthesis of oncornavirus DNA remains in dispute (2, 3) , it is generally assumed that the DNA is synthesized immediately after infection by virion-associated RNA-directed DNA polymerase, integrated into the hostcell genome, and subsequently transcribed into viral RNA. Direct physicochemical observation of this sequence of events, however, has not been reported. Integration of genomes of DNA tumor viruses into host-cell DNA has been demonstrated by cosedimentation of viral DNA with high-molecular-weight cell DNA in alkaline sucrose gradients (4) . We have presented a preliminary report of a less cumbersome and more stringent method for detecting integrated viral DNA in cells (5) . In this communication, we present details of this method and some examples of situations in which either integrated or unintegrated Rous sarcoma virus (RSV)-specific DNA is found.
The integration test is based upon the observation by Britten and coworkers that the vast majority of high-molecular-weight DNA extracted from higher organisms contains reiterated sequences (6, 7) . They showed that when unsheared cell DNA is incubated to Cot values at which repeated, but not unique, sequences reassociate, "networks" of DNA are formed (Fig. 1) . These networks can be separated from the remainder of the DNA by sedimentation. We now report that testing the DNA in networks for virus-specific nucleotide sequences by molecular hybridization constitutes a relatively simple assay for integration of viral DNA. The finding of virus-specific DNA in networks demonstrates covalent linkage of viral DNA to strands of cell DNA containing repeated sequences, and thus its integration into the host genome.
We used this approach to study RSV-specific DNA in two different host cells after infection by RSV: (i) duck-embryo Abbreviations: RSV, Rous sarcoma virus; Cot, product of DNA concentration and time; gs, group-specific antigen; SV40, simian virus 40.
MATERIALS AND METHODS
Viruses and Cells. BALB/c 3T3 cells and 3T3 cells transformed by the B77 strain of avian sarcoma virus (B77/3T3) were described (8) . XC cells, derived from a tumor induced in a rat by the Prague strain of RSV (9) , were kindly provided by Dr. Jay Levy. Normal Pekin duck cells prepared from 12 assayed for RSV-specific sequences. Occasionally, sheared supernatant DNA was freed of oligonucleotides by passage over a Sephadex G-50 column equilibrated with 0.6 M NaCl-10 mM EDTA-1 mM Tris -HC1 (pH 7.4).
Assay for RSV-Specific DNA. We have described our procedure for determining the number of copies per diploid cell of RSV-specific DNA (5, 8, 10) . The method, originally devised by Gelb et al. for detection of SV40 DNA (11), is based upon the ability of virus-specific sequences present in unlabeled cell DNA to accelerate the reassociation of labeled, doublestranded, virus-specific DNA synthesized by RSV polymerase. Reassociation reactions were performed in 100 Al containing heat-denatured, IH-labeled polymerase product; denatured, sheared cell DNA; and 0.4 M phosphate buffer (equimolar NaH2PO4 and Na2HPO4). Mixtures were incubated at 680 for up to 80 hr and samples were periodically removed into 10 mM phosphate buffer for analysis of secondary structure by elution from hydroxyapatite (Biorad). Raw data were corrected according to the behavior of single-and double-stranded standards and plotted against Cot for the labeled DNA. Reduction in Coty, caused by the unlabeled cell DNA is proportional to the amount of virus-specific DNA per cell. Determination of the number of complements of labeled virus-specific sequences and of diploid-cell genomes in each reaction mixture permits calculation of the copy number for those viral sequences per diploid cell. For example, if a reaction mixture containing one set of labeled viral sequences per genomic complement of cell DNA demonstrates a reduction of the Cot,/, by half, the doubling of the rate indicates a doubling of the concentration of relevant sequences, or one copy per diploid cell. The accuracy of copy numbers is influenced by the moderate heterogeneity of polymerase products, by determination of the concentration of labeled DNA from its specific activity, and by uncertainties involved in estimating sequence complexity of polymerase. products from their reassociation kinetics (8, 12 virus polymerase (3.8 ng/ml, specific activity 5000 cpm/ng) were followed during incubation in the presence of calf-thymus Proc. Nat. Acad. Sci. USA 70 (1973) In experiments reported here, all assays were performed with the slowly reassociating fraction of double-stranded product synthesized by B77 virus polymerase (slowly reassociating DNA) (8, 12 
Boyer. RESULTS
Preparation of DNA Networks. Unsheared mammalian DNA prepared as outlined in Methods has a major high-molecularweight component sedimenting at 80-110 S in alkaline sucrose gradients (Fig. 2) . This size corresponds to a molecular weight of about 30 to 50 X 106 of single-stranded DNA. Similarly purified DNA from duck cells sediments at 40-60 S (data not shown). In accord with an earlier report (5), we found that generally 75-95% of DNA prepared from mammalian cells participates in network formation, whereas 60-75% of duckcell DNA forms networks. The variations for any one kind of DNA in the fraction forming networks are presumably due in part to random nicking of the DNA with production of fragments containing insufficient reiterated sequences. In addition, viscous preparations of high-molecular-weight DNA often retain appreciable amounts of oligonucleotides incapable of reassociating. These are apparent in alkaline sucrose gradients (Fig. 2) and can be considerably reduced by dialyzing the DNA against 150 mM NaCl-15 mM Na-citrate before network formation or removed at a later step by passing the fraction of DNA that does not form networks (supernatant DNA) through a Sephadex G-50 column.
The relative reduction in the fraction of duck DNAforming networks may also be influenced by the amount or distribution of repeated sequence DNA in the avian genome. Although estimates of repeated sequence fractions are approximate and readily affected by reaction conditions, comparison of published values for mammalian and avian genomes suggests that avian cells may contain as little as one-third as much reiterated DNA as mammalian cells (13) . In general, we observed about 20-25% of chick or duck DNA reassociating at low Cot values (under 100 mol-sec/liter) at which 40% of mammalian DNA has reassociated, supporting the possibility that less extensive network formation with duck DNA may be due in part to a decrease in content of repeated sequence DNA.
We investigated the possibility that networks of highmolecular-weight DNA might trap unintegrated viral DNA and cause it to appear in the pellet after centrifugation. ular weight 30 X 106) or SV40 virus (form II, molecular weight 3 X 106) was added to unsheared DNA from B77/3T3 cells and networks were prepared. Although over 80% of the cell DNA (as measured by absorbance) was found in the pelleted network fraction, 85-90% of either species of viral DNA remained in the supernatant (Fig. 1) . Therefore, the cell DNA remaining in the supernatant fraction was about 50-fold richer in viral DNA than was the network fraction. Since even a 2-fold enrichment of the supernatant fraction is detectable with the reassociation kinetics assay, it is clear that these minor degrees of trapping of viral DNA cannot account for results observed with RSV-infected cell DNA.
Integrated Viral DNA in Stably Transformed Cells. We used the network technique to assess integration of RSV-specific DNA into the genome of three types of cells transformed by RSV: (1) XC cells, widely-used progeny of a tumor produced in a rat line with Prague strain of RSV (9) In contrast with other lines of RSV-transformed mammalian cells we have studied, the XC cell line has a large number of copies of DNA homologous to the sequences represented in the slowly reassociating fraction of RSV polymerase product. Sheared DNA from these cells markedly accelerates the reassociation of labeled slowly reassociating DNA (Fig.  3A) ; the calculated copy number is 20 per diploid cell. When the preparation of unsheared XC cell DNA analyzed in the alkaline sucrose gradient in Fig. 2 was used to form networks, both the network DNA and the 25% of the DNA remaining in the supernatant possessed the same capacity as the total cell DNA to influence reassociation of slowly reassociating DNA (Fig. 3B) . This result demonstrates that most, if not all, of the viral DNA present in the XC cells is covalently integrated into strands of cell DNA containing repeated sequences. It is probable that viral DNA remaining in the supernatant is integrated into strands of DNA that failed to join the networks on the basis of size or sequence composition. However, we cannot exclude the possibility that a small fraction of viral DNA is not integrated.
Similar results have been obtained with the B77/3T3 cell line. These cells, like most of the other RSV-transformed mouse, rat, or hamster cells we have studied (5, 8) , contain one to two copies of RSV-specific DNA sequences per diploid cell. Network and supernatant DNA from these cells are equally efficient in accelerating the reassociation of RSV slowly reassociating DNA (Fig. 4) . Their effect is similar to that of unfractionated DNA upon the reassociation of slowly reassociating DNA (5, 8) , and the supernatant fraction shows no enrichment, as would be expected if unintegrated viral DNA were present. As for XC cells, we interpret these results to mean that most or all of the RSV-specific DNA is covalently integrated in B77/3T3 cells, and that the virus-specific DNA in the supernatant fraction is linked to randomly broken strands of cell DNA.
Duck cells, unlike other permissive avian cells we have tested (10) , are free of endogenous RSV-specific nucleotide sequences, as tested by reassociation kinetics (Fig. 5) and by hybridization of large excesses of duck DNA with labeled RSV 70S RNA (unpublished observations). quences per diploid cell (14) . Fig. 5 displays the equal effects of unfractionated, network, and supernatant DNA from RSVtransformed duck cells upon the reassociation of slowly reassociating DNA, consistent with the presence of four copies of RSV sequences per diploid cell. Since only two-thirds of the duck DNA participates in network formation, we can conclude with certainty only that at least two-thirds of the viral DNA is covalently linked to cell DNA. It seems likely, however, that the remainder is integrated into strands incapable of forming networks.
Unintegrated DNA in Recently Infected Cells. The ease of testing for integration of viral DNA with the network assay facilitates study of the kinetics of integration. We therefore measured the appearance of newly synthesized virus-specific DNA in networks prepared from freshly infected cells. These experiments further validate the network test as a measure of integrated DNA, since they demonstrate that viral DNA may be present in a nonintegrated state soon after infection.
This situation is portrayed most dramatically in 3T3 cells 12 hr after infection with RSV (Fig. 6) . Despite the relatively low efficiency with which mammalian cells are transformed by RSV (15), we discovered that readily detectable levels of RSV DNA may be observed in 3T3 cells within 12 hr after infection with RSV rescued from RSV-transformed mammalian cells (14) . No Growing cultures of BALB/c 3T3 cells were infected with B77 virus rescued from B77-transformed 3T3 cells. 12 hr later, the DNA was extracted and a portion was used to prepare networks. B77 slowly reassociating DNA (3.6 ng/ml) was then reassociated in the presence of (A) unfractionated DNA (U, 4 mg/ml); (B) network DNA (., 4 mg/ml), DNA remaining in the supernatant after network preparation (o, 3.1 mg/ml); (A and B) calf-thymus DNA (A, 4 mg/ml). Unfractionated 3T3 DNA lowers the Cotl/, from 1.0 X 10-2 to 3.5 X 10-3 mol-sec/ liter; supernatant DNA reduces the Coti/, from 1.3 X 10-2 to 1.7 X 10-s mol-sec/liter.
various RSV strains grown only in chick cells (14) . This phenomenon is probably related to the increased efficiency of transformation of rat cells by B77 virus observed with virus rescued from transformed rat cells (15) . In the experiment in Fig. 6 , B77 virus rescued from B77-transformed 3T3 cells was added to growing cultures of 3T3 cells at a multiplicity of about 1 focus-forming particle (as assayed on chick cells) per 3T3 cell. After 12 hr, cell DNA was extracted, a portion was sheared and tested for its content of RSV DNA (Fig. 6A) , and the remainder was subjected to network formation. About 80% of the DNA formed networks. The network and supernatant DNAs were then also sheared and assayed for RSV DNA (Fig. 6B) . The acceleration of reassociation observed in Fig. 6A indicates that an average of about 0.8 copies of RSV slowly reassociating DNA sequences are synthesized per diploid cell within 12 hr after infection. Since the efficiency of transformation of mammalian cells by RSV is low [10-3-10-5 relative to transformation of avian cells (15)], and the number of RSV DNA copies in transformed clones of mammalian cells is only one to two (5, 8) (14) . No viral DNA is found 16 hr after infection with Prague B strain of RSV to which duck cells are not susceptible (14, 16) . Using the network assay to follow integration of viral DNA, we observe increasing amounts of RSV DNA present in networks from 6-24 hr after infection at which point the networks contain the four to six copies found in fully transformed cultures (Fig. 5) . 10 hr after infection of normal duck-embryo fibroblasts with Prague C strain of RSV, about 0.8 copies of slowly reassociating DNA sequences have been synthesized per diploid cell (Fig. 7A) 
